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Abstract.  Stimulation of human neutrophils  with the 
chemotactic N-formyl peptide causes production of ox- 
ygen radicals and conversion of monomeric actin 
(G-actin) to polymeric actin (F-actin).  The effects of 
the binary botulinum C2 toxin on the amount of 
F-actin and on neutrophil cell responses were studied. 
Two different methods for analyzing the actin response 
were used in formyl peptide-stimulated cells:  staining 
of F-actin with rhodamine-phalloidin  and a transient 
right angle light scatter.  Preincubation of neutrophils 
with 400 ng/ml component I and  1,600 ng/ml  compo- 
nent II of botulinum C2 toxin for 30 min almost com- 
pletely inhibited the formyl peptide-stimulated poly- 
merization  of G-actin and at the same time decreased 
the amount of F-actin in unstimulated neutrophils by 
an average of ~  30 %.  Botulinum C2 toxin preincuba- 
tion for 60 min destroyed '~,75 % of the F-actin in 
unstimulated neutrophils.  Right angle light scatter 
analysis showed that control neutrophils exhibited the 
transient  response characteristic of actin polymeriza- 
tion; however, after botulinum C2 toxin treatment,  de- 
granulation  was detected. Single components of the 
binary botulinum C2 toxin were without effect on the 
actin polymerization response.  Fluorescence flow 
cytometry and fluorospectrometric binding studies 
showed little alteration  in N-formyl peptide binding or 
dissociation dynamics in the toxin-treated cells.  How- 
ever, endocytosis of the fluorescent N-formyl peptide 
ligand-receptor complex was slower but still possible 
in degranulating  neutrophils treated with botulinum C2 
toxin for 60 min.  The half-time of endocytosis, esti- 
mated from initial  rates,  was 4 and 8 min in control 
and botulinum C2 toxin-treated neutrophils,  respec- 
tively. 
N 
'EUTROPHILS  play a centrol role in host defense and in 
processes of inflammation.  Stimulation  of neutro- 
phils  by the N-formyl peptide induces a  series of 
coordinated cell responses such as directed migration,  cell 
shape change,  degranulation,  and  superoxide radical  pro- 
duction. All of these cell responses seem to be influenced by 
the cytoskeletal  transformation  associated with changes  in 
the state of actin polymerization during the stimulation  (14). 
Cytoskeletal activation can be monitored with indirect spec- 
troscopic methods, such as the determination of changes in 
right angle light scattering,  or directly with cytometric assays 
by staining  F-actin  with rhodamine-phalloidin  (21). 
Botulinum C2 toxin belongs to a new class of bacterial 
ADP-ribosyltransferases that  modifies  nonmuscle  G-actin 
(1, 2).  The toxin is binary in structure and consists of two 
different  components (13). Component I  (50,000  mol wt) 
possesses ADP-ribosyltransferase activity (1), wbereas com- 
ponent II (100,000 mol wt) is involved in the binding  of the 
toxin to the cell membrane (13). Botulinum C2 toxin ADP- 
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ribosylates nonmuscle G-actin at ARG-177 (26).  This cova- 
lent modification blocks the ability of actin to polymerize (1), 
probably converting  G-actin into a capping protein for the 
barbed end of the F-actin filament (28) and thereby inhibiting 
further growth of the actin  filament. 
Recently, we have shown that botulinum C2 toxin specif- 
ically ADP-ribosylates actin in intact neutrophils,  enhances 
the superoxide  radical  production,  and inhibits  migration 
(12). Cytochalasins,  which also inhibit the polymerization of 
actin (4), influence these cell responses in an analogous way 
and to a similar extent (12). It has been proposed and widely 
accepted that cytoskeletal  events are involved in the regula- 
tion of the expression (4, 11) and the fate of the N-formyl pep- 
tide receptor (9). For instance, it has been reported that treat- 
ment of neutrophils  with cytochalasin  blocks the uptake of 
N-formyl peptide (10), enhances the expression of the N-for- 
myl peptide receptor (3, 11), and appears to delay the forma- 
tion of a GTPgammaS-insensitive  slow-dissociating N-formyl 
peptide ligand-receptor complex (16). These data prompted 
us to study the effects of botulinum C2 toxin on the F-actin 
content and actin  dynamics in human  neutrophils  and  its 
relationship  to the endocytosis, expression, and number of 
receptors for N-formyl peptide. 
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Neutrophils 
Peripheral blood was drawn from normal human donors.  Neutmphils were 
isolated by the gelatin sedimentation and elutriation method described else- 
where (24). The buffer for the experiments contained 137 mM NaCI, 5 mM 
KCI,  1 mM MgCI2,  1.5 mM glucose,  and 10 mM Hepes. 
Reagents 
7-nitrobenz-2-oxa-l,3-diazole  (NBD)l-phallacidin and rhodamine-phalloi- 
din were obtained from Molecular Probes,  Inc.  (Junction City, OR).  The 
N-formyl  peptide  receptor blocker t-butoxycarbonyl-phe-leu-phe-leu-phe 
was obtained from Vega Biotechnologies,  Inc. (Tuscon,  AZ). Fluorescein- 
labeled N-formyl-norleu-leu-phe-norleu-tyr-lys  was prepared as described 
(19).  Botulinum  C2 toxin was  prepared and activated  essentially  as de- 
scribed (13). 
Functional Assays 
All experiments were performed at 37°C. Incubation of neutrophils with 
botulinum C2 toxin was performed in modified Hopes buffer containing 6.3 
mg/ml cytochmme c. Oxygen radical production was determined using the 
chromophom parahydroxyphenylacetic  acid assay as described by Hyslop 
and Skiar (8).  Right angle light scattering  measurements were performed 
on aliquots  containing 106 cells/ml using a photon-counting spectrofluo- 
rometer (8000;  SLM Instruments, Inc., Urbana, IL) at 340 nm for excita- 
tion and emission (21). 
Measurement of F-actin formation was performed essentially  according 
to Howard and Meyer (7). Briefly, after stimulation, aliquots of cell suspen- 
sions were withdrawn at the indicated time intervals from the stirred sample 
compartment of  the fluorometer (8000; SLM Instruments, Inc.) during light 
scattering measurement. Equal volumes of cells were fixed in a 7.4% form- 
aldehyde buffer and mixed with the staining cocktail containing 7.4% form- 
aldehyde, 0.33 pM NBD-phallacidin or rhodamine-pballoidin, and I mg/ml 
lysophospbatidylcholine.  The fluorescence  intensity  of F-actin  was mea- 
sured in a cytometer (FACS IV; Becton Dickinson & Co., Sunnyvale, CA) 
as described (21). 
Analysis of formyl  peptide  binding and dissociation were  performed 
using the fluommetric and cytometric methods described by Sldar et al. (19, 
22). These measurements were performed on a photon-counting spectro- 
fluommeter (8000;  SLM Instruments, Inc.).  They made use of a fluores- 
ceinated formyl peptide and a high-affinity antibody against fluorescein  to 
discriminate betv,  cen free, and receptor-bound N-formyl peptide. To stabilize 
the fluorescence of the peptide ligand during the spectrofluorometric  assays 
of ligand binding, dissociation, and endocytosis,  the buffer was modified to 
contain 1 mg/ml BSA, 0.08 mg/ml bovine catalase,  0.08 mg/ml superoxide 
dismutase, 0.05 mg/ml chymostatin,  and 2 mM PMSE essentially  as de- 
scribed earlier (22). For studies on dcgranulating neutmphils in the cytomc- 
ter, we substituted 4 mM azide for PMSF to prevent the decay of fluorescent 
probas possibly associated with myelopemxidase  activity (29). In addition, 
15 mM NH4CI was present in cytometric binding studies to prevent acidi- 
fication of intracellular endocytotic  compartments.  None of these reagents 
alter the actin-associated  right angle light scatter response or the degranula- 
tion response. 
Flow cytometric assay of binding and endocytosis of  the N-formyl peptide 
was performed on a Facscan (Becton Dickinson & Co.) according to Sklar 
et al. (19). Briefly, neutrophils were exposed to different concentrations of 
N-formyl peptide,  and sequential profiles of cellular fluorescence  were ac- 
quired. The fluorescence  of specific hound ligand was calculated  from the 
mean fluorescence  channel number as A M (t), which reflects the time de- 
pendence of ligand binding.  A M (0 was calculated  as A M (t) =  M (0 - 
Mtboc (t), where M (0 and Mtboc(O represent the mean fluorescence chan- 
nel number of cells exposed  to the same concentration of N-formyl  pep- 
tide without and with the N-formyl receptor antagonist t-boc-phe-leu-phe- 
leu-phe,  respectively. 
The analysis of endocytosis of the N-formyl peptide receptor was accom- 
plished by adding HCI after the desired period of binding to quench the ex- 
ternal ligand after a change in the pH from 7.45 to 4. The fraction of inter- 
nalized  fluorescence  was  analyzed by examining the mean fluorescence 
channel number before and after the pH change (see Fig. 7). The fraction 
of internalized  fluorescence  was calculated  as the residual fluorescence  ex- 
trapolated to the time of the pH change. 
1. Abbreviation used in this paper:  NBD, 7-nitrobenz-2-oxa-l,3-diazole. 
Functional Aspects of  Botulinum (?2 Toxin 
The influence of  botulinum C2 toxin on the rate of the oxygen 
radical production in human neutrophils is shown in Fig.  1. 
Human neutrophils were incubated for 60 min without and 
with 400 ng/ml component I and 1,600 ng/ml component II 
of botulinum C2 toxin and stimulated with 10 nM N-formyl 
peptide. The amount of the oxidant production in botulinum 
C2 toxin-treated neutrophils was increased by •100%. 
Fig. 2 shows the histogram of the fluorescence staining of 
F-actin by NBD-phallacidin in untreated human neutrophils 
or cells treated for 60 min with botulinum C2 toxin. Control 
neutrophils show a  single population of fluorescence. The 
mean  fluorescence  channel  number  was  83,  ~20  times 
higher than fixed but unlabeled cells (mean channel number 
=  4). Neutrophils treated for 60 min with 400 ng/ml compo- 
nent I and  1,600 ng/ml component II of the botulinum C2 
toxin show a narrow peak around channel number 5,  rep- 
resenting an actin-depleted population of'x,75 % of the cells. 
A second smaller population of neutrophils had residual but 
reduced  levels  of F-actin.  Longer  incubation  times  with 
botulinum C2 toxin (90 rain) reduced the second population 
further (data not shown). 
The time dependency of botulinum C2 toxin action on the 
kinetics of actin polymerization is shown in Fig. 3 A. Stimu- 
lation of control neutrophils caused a rapid polymerization 
of actin within l0 s. There was a doubling of the F-actin con- 
tent followed by a more sustained polymerization and a re- 
covery of initial F-actin amounts within 4 min. Preincubation 
of human neutrophils with botulinum C2 toxin for 30 min de- 
creased the average F-actin content in unstimulated neutro- 
phils by ,,~25 % and largely inhibited the polymerization re- 
sponse, although a slight increase in the stimulated F-actin 
content (,'~20%) was still observed. Longer incubation times 
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Figure 1. Comparison of  the relative rate of oxygen radical produc- 
tion in botulinum C2 toxin-treated with untreated human nentro- 
phils. Neutrophils were treated with or without 400 ng/ml compo- 
nent I and 1,600 ng/ml component II of botulinum C2 toxin for 60 
min.  106 cells were stimulated with 10 nM N-formyl peptide. The 
absolute amounts were 8 and  16 amol/106 neutrophils for control 
and botulinum C2 toxin-treated neutrophils, respectively. Data rep- 
resentative  of  a  single  experiment  performed  in  duplicate  and 
repeated twice in this study (and previously, see reference 12) are 
shown. 
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Figure 2. Histogram  of distribution of F-actin in unstimulated  botu- 
linum C2 toxin-treated and untreated human neutrophils. Aliquots 
of neutrophils were fixed and stained as described in Materials and 
Methods. The fluorescence of  F-actin-bound rhodamine-phaUoidin 
was measured with a cytometer (FACS IV; Becton Dickinson & 
Co.). The fluorescence histograms of neutrophils treated with 400 
ng/ml component I and 1,600 ng/ml component 1I of botulinum C2 
toxin for 60 min and control cells are shown. Data are representa- 
tive of one experiment performed five times in duplicate. 
with the botulinum C2 toxin further reduced the initial F-actin 
content.  Preincubation of neutrophils with botulinum C2 
toxin for 60 min reduced the mean F-actin content by ,x,75  %, 
and stimulated polymerization was not detected. 
Right angle light scattering measurements were performed 
on the same sample (Fig. 3 B). In control cells, the typical 
transient reduction of the scattered light was observed after 
stimulation with N-formyl peptide (21). The decrease in scat- 
ter intensity of control neutrophils was small (10%), rapid, 
and reversible. This response apparently occurred without 
measurable delay. A minimum of light scatter intensity was 
observed after 10 s followed by a slow recovery of the initial 
intensity within 4 min. Toxin treatment for 15 min did not 
alter the onset time of the right angle light scatter response, 
but delayed the recovery of the intensity. The decrease in in- 
tensity of right angle scatter by neutrophils treated with botu- 
linum C2 toxin (at least 30 min) was delayed for 1-2 s and 
was more pronounced (30%). There was no recovery of the 
scatter intensity. In cells treated either with botulinum toxin 
(not shown) or in previous studies with cytochalasin B, direct 
measurements  have shown that degranulation kinetics,  as 
measured by the release of elastase, coincide with this latter 
light scatter change (20). 
As shown in Fig. 4, the effect of botulinum C2 toxin de- 
pended on the presence of both components. The separate 
application of component I or component II of  botulinum C2 
toxin did not alter the F-actin content. Neither the formyl 
peptide-stimulated actin polymerization nor the characteris- 
tics of the actin-associated right angle light scatter response 
was significantly changed in the presence of single compo- 
nents.  These findings indicate the specificity of the botuli- 
hum C2 toxin action. 
Receptor Dynamics in Botulinum 
C2 Toxin-treated Cells 
Next we studied the influence of botulinum C2 toxin on the 
binding of the N-formyl peptide ligand  to its receptor by 
cytometry, Neutrophils were incubated without and with 400 
ng/ml component I and 1,600 ng/ml component II of botuli- 
hum C2 toxin for 60 min and labeled with several concentra- 
tions of N-formyl peptide.  Fluorescence profiles were ac- 
quired every 30 s for 5 rain. As shown in Fig. 5, botulinum 
C2 toxin treatment did not alter the interactions of N-formyl 
peptide ligand with its receptor over the indicated period of 
time. 
Using fluorimetric methods, we examined ligand dissocia- 
bility with an ,x,l-s time resolution (Fig. 6). Earlier studies 
of N-formyl peptide dissociation from cells have shown that 
receptors are converted from a fast (low-affinity) to a slow 
(high-affinity) form (22). Log plots of binding and dissocia- 
tion kinetics showed that after 15 s of binding the dissocia- 
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Figure 3. Time dependency of actin polymerization and right angle 
light scatter of  botulinum C2 toxin-treated human neutrophils. The 
data are plotted as the relative F-actin content (A) or the relative 
right angle light scarer (B) vs. time. 1 nM N-formyl peptide was 
added at time zero. During the analysis of light scarer, aliquots of 
cells were removed, fixed, and stained for F-actin with NBD-phal- 
lacidin or rhodamine-phalloidin. F-actin content was quantified by 
flow cytometry. Representative data of one experiment performed 
twice in duplicate are shown. In A: control cells (n); cells treated 
with toxin for 15 (zx), 30 (A), 45 (o), and 60 (m) min. In B: con- 
trol cells (  ); cells treated with toxin for 15 (- -), 30 (- • -) 
and 60 (. -) min. 
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Figure 4. Influence of single components of botulinum C2 toxin on 
right angle light  scatter  and actin polymerization. Description is 
analogous to Fig.  3. Neutmphils were incubated  for 30 min with 
400 ng/ml of  component I, 1,600 ng/ml component II, or 400 ng/ml 
component I and 1,600 ng/ml component II of botulinum C2 toxin 
and compared with untreated cells. A is the measurement of F-actin 
and B shows the right angle light scatter response of neutrophils 
stimulated  with  1 nM N-formyl peptide performed on the same 
cells.  Representative  data of one experiment performed twice in 
duplicate  are shown.  In A: control cells  (D);  cells  treated  with 
component I (O), component II (o), and components I and II (,x). 
In B: control cells (  ); cells treated with component I (.  • .), 
component II (- -), and components I and II (- -). 
tion of the receptor was heterogeneous. The data are consis- 
tent with two receptor forms: one form that dissociated with 
a half-time of '~10 s and a second form that dissociated with 
a  half-time of at least 2  min.  After 2  min of binding,  the 
receptors were predominantly in the slow-dissociating form. 
Botulinum C2 toxin treatment did not appear to alter these 
N-formyl peptide ligand-receptor dynamics. 
In recent studies,  it has been reported that the N-formyl 
peptide  accumulation  was  blocked  in  cytochalasin-treated 
neutrophils, suggesting that the endocytosis of the N-formyl 
peptide ligand-receptor complex was inhibited (10). Neutro- 
phils treated with botulinum C2 toxin for 60 min were used 
to examine the influence of actin on the early internalization 
of the  N-formyl peptide  ligand-receptor  complex  by  real 
time flow cytometric methods.  Control and botulinum  C2 
toxin-treated neutrophils were labeled with  10 nM fluores- 
cent N-formyl peptide.  Internalization  was  determined  by 
reducing  the  pH  from  7.45  to  4,  which  instantaneously 
Figure 5.  Concentration dependence of N-formyl peptide  binding 
in human neutrophils.  Neutrophils  were incubated with (solid sym- 
bols) or without (open symbols) 400 ng/ml component I and 1,600 
ng/ml component II of botulinum C2 toxin for 60 rain and stimu- 
lated with 10 (I and [3), 3 (A and zx), and 1 (e and o) nM N-for- 
myl peptide.  Fluorescence detected  in the presence of tBoc-phe- 
leu-phe-leu (nonspeeitic  binding)  is shown for 10 (O), 3 (#), and 
1 (v) nM fluoresceinated  hexapeptide.  Each channel  of specific 
binding  represents  ,,o1,100 fluoresceinated  hexapeptides  using  a 
fluorescent calibration standard as described previously (23). Data 
are means with standard deviation of  one representative  experiment 
performed in duplicate  and repeated  six times. 
quenched  the  extracellular  ligand  while  the  intracellular 
ligand was transiently protected. Thus, a calculation of rap- 
idly quenched vs. the protected fluorescence allows an esti- 
mate of the extent of internalization (5). Fig. 7 A shows a dot 
plot of a neutrophil population labeled for 105 s with 10 nM 
N-formyl peptide.  The mean fluorescence channel number 
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Figure 6. Comparison of  N-formyl peptide binding and dissociation 
in control with botulinum C2 toxin-treated cells.  Measurements 
were performed on cells in suspension  (5  x  106/ml) using the an- 
tibody to fluorescein  as described in Materials  and Methods. The 
data reflect an analysis  of the amount of ligand bound at  15 and 
120 s and the dissociation thereafter.  Neutrophils were incubated 
for 60 min with (- -) or without (  ) 400 ng/ml component I 
and 1,600 ng/ml component II of  botulinum C2 toxin and stimulated 
with 1 nM N-formyl peptide. Representative data of  one experiment 
performed in duplicate  and repeated five times are shown. In some 
experiments  there was a loss of 10% of the peptide fluorescence in 
toxin-treated  as compared with control cells,  probably associated 
with the release  of myeloperoxidase. 
The Jourllal of Cell Biology, Volume  109, 1989  t136 e,-, 
I,.il,. 
t= 
z 
e-,, 
e,,- 
x,-- 
lO00 - 
800. 
600 
400 
200 
o 
lO00 
0o0 
600. 
400 
2oo 
o 
o 
A 
.  •  ...  ' 
,  ;  T,d~'|  ;,  ,  ,~  7,  ,  ,  |  ,  •  ,T|~  ;'-,  ." 
200  400  600  800  1000 
C 
:,:,~7/:  " "  "  ,. 
i ";~"~  :.i;.:" 
".:'"  ?-  .  .  . 
"'''1  ....  I  ....  t  ....  !  .... 
200  400  600  800  1000 
,ooo-   B 
~o--] 
3 
1 
~00 -] 
1  •  . ::..;~:'~ii  -..: ..  -:  20O 3  ~;~,  :.::~':.,~,~r.  ,  '  : ". ,?:~-,.-,-,~. ~'~,.~...-..;- ... 
.  .  .  .'.:  -  . 
200  400  600  000  1000 
1000- 
6g0- 
600-: 
400- 
D 
,  •  :'.,  ..;  ..  . 
z00-  :" 
• ..~:~..'VL~".,  ;'.."  .  . 
0  I  ....  /'-'7"17'~r-17/'~1  ;~'~ 
0  200  400  600  800  1000 
1000 -4 
800 -I 
000 -4 
4O0-4 
200 -4 
0 
=..:,...,.,.-~dr~  ."~,: -- 
200  400  600  800  1000 
Channel Number Side Scatter 
Figure 7. Real-time analysis of binding and internalization of fluorescent N-formyl peptide by flow cytometry. Neutrophils were incubated 
for 60 min with 400 ng/ml component I and  1,600 ng/ml component II of botulinum C2 toxin• After binding measurement  using flow 
cytometry (see Fig. 5), the pH of the cell suspension was reduced from 7.45 to 4. Data are displayed as dot plot of side scatter vs. fluorescent 
formyl peptide. (A) Control neutrophils after a 105-s binding. (B) Control neutrophils after a 120-s binding and 10-s pH change. (C) Botuli- 
num C2 toxin-treated  neutrophils after a 105-s binding.  (D) Botulinum C2 toxin-treated  neutrophils after a 120-s binding and  10-s pH 
change. (E) Botulinum C2 toxin-treated  neutrophils after a 120-s binding and 10-s pH change in the presence of 4  x  10  -~ M tBoc-phe- 
leu-phe-leu-phe. Representative data of one experiment performed in duplicate repeated twice are shown. Each channel of specific fluores- 
cence represents  ~225 molecules of hexapeptide per cell. 
was 451.  After 2 min, the pH was changed and the sample 
was reanalyzed at 10-s intervals (the first of which is shown 
in Fig.  7  B).  We observed a  residual fluorescence of 167 
channels. Fig. 7, C and D, shows botulinum C2 toxin-treated 
neutrophils labeled and quenched in the same manner. The 
mean fluorescence channel number was 459, similar to con- 
trol neutrophils. After the pH change, a residual mean fluo- 
rescence of 116 was detected.  Addition of the receptor an- 
tagonist tBoc-phe-leu-phe-leu-phe before labeling  with  10 
nM N-formyl peptide prevented binding or internalization of 
the fluorescence peptide (Fig. 7 E). The fluorescence mean 
channel number was 46,  similar to the autofluorescence of 
unstimulated  neutrophils  (data  not  shown;  mean  channel 
number  =  42). 
In control neutrophils, typically 50%  of occupied recep- 
tors are internalized after 4 min of binding. In botulinum C2 
toxin-treated neutrophils, an estimated 30% of the occupied 
receptors were internalized.  In both cases, the internalized 
receptor was quenched by the extracellular pH change with 
a  similar although not identical half-time (Fig.  8 A). 
A comparison of the early time course of internalization 
of control  with botulinum C2  toxin-treated neutrophils  is 
shown in Fig. 8 B. The estimated half-time of endocytosis of 
the N-formyl peptide ligand-receptor complex in neutrophils 
treated with botulinum C2 toxin was ~8 min, while the half- 
time  of control  neutrophils  was  '~4  min.  In  parallel  we 
verified that botulinum C2 toxin diminished the F-actin con- 
tent. The side scatter signal in cytometry, verified to be in- 
dicative of degranulation,  was reduced ~30%  in the toxin- 
treated  population  (Fig.  7,  C  and  D)  compared with  the 
control cells (Fig.  7, A and B). 
Discussion 
The Cytoskeleton  in Neutrophil Function 
Change of F-actin content in eukaryotic cells is associated 
with changes in cell shape and motility (18).  N-formyl pep- 
tide-stimulated neutrophils  show a very rapid polymeriza- 
tion of G-actin to F-actin. Preincubation of the neutrophils 
with botulinum C2 toxin decreased the content of F-actin by 
'~75 %  in a  time-dependent manner•  However, the fluores- 
cence histogram plotted vs. cell number showed two different 
populations of neutrophils, one completely depleted of F-ac- 
tin and a second with some residual F-actin. These findings 
indicate that botulinum C2 toxin destroys the F-actin network 
in intact neutrophils  as reported for chicken embryo cells 
(17). In addition the N-formyl peptide-stimulated conversion 
of G-actin to F-actin was almost completely inhibited after 
a  30-min  incubation  with  botulinum  C2  toxin.  Recently, 
Wegener and Aktories (28) have shown that G-actin ADP- 
ribosylated  by  Clostridium  perfringens  iota  toxin,  which 
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Figure 8. Analysis ofN-formyl peptide internalization. A shows  the 
time course of  the residual fluorescence  in N-formyl  peptide-stimu- 
lated neutrophils before and after the pH change. A 4-min period 
of  binding was followed  by the pH change in neutrophils treated for 
60 min with (o) and without (n) 400 ng/ml component I and 1,600 
ng/ml component II of botulinum C2 toxin. Data are means with 
standard deviation of one experiment performed in duplicate and 
repeated three times. B shows the initial rate of internalization of 
the N-formyl peptide ligand-receptor complex. Cells were labeled 
with 10 nlVl  N-formyl  peptide in neutrophils after preincubation for 
60 min with and without 400 ng/ml component I and 1,600 ng/ml 
component II. Data are means with standard error of the mean of 
two (2-min) or three (4-min) experiments performed at least in 
duplicate. 
modifies actin at the same site as botulinum C2 toxin (25, 
26),  behaves like a  capping protein.  Provided that ADP- 
ribosylated neutrophil actin has capping protein function, a 
small amount of modified actin could be sufficient for block- 
ing the rapid polymerization during activation of neutrophils 
by capping all polymerization nuclei. 
Yuli and Snyderman (30) proposed that the transient right 
angle light scatter response reflects a cell shape change like 
membrane ruffling. Sklar et al. (21) showed that this response 
parallels the actin polymerization in N-formyl peptide-stim- 
ulated neutrophils. In agreement with these reports, we ob- 
served a rapid and transient reduction in the scattered light 
intensity after stimulation of control neutrophils.  The re- 
sponse began rapidly after stimulation and achieved the max- 
imal reduction (,o10%) after 10 s.  This response was fol- 
lowed by a  second more  sustained reduction and a  slow 
recovery to the original light scatter intensity. This cell re- 
sponse was dramatically different in time course and magni- 
tude in botulinum C2 toxin-treated neutrophils. First, the 
onset time was delayed by ",,1-2 s. Second, the response was 
not transient and the maximal reduction was completed after 
30 s. Third, there was no recovery of the intensity to initial 
values. And, finally, the magnitude of reduction was "o30%. 
Direct measurements (not shown) indicate that this response 
coincides with elastase release (a marker of primary gran- 
ules) in botulinum C2 toxin- or cytochalasin B-treated cells 
(20).  Further, we have previously reported that after botuli- 
num C2 toxin treatment, N-formyl peptide stimulated the 
release of N-acetyl glucosaminidase (an enzyme of the pri- 
mary granules) and vitamin B12-binding protein (a marker 
of secondary granules) (12). Although the mechanism of de- 
granulation is not well understood, it appears that this loss 
of granules always occurs in N-formyl peptide-stimulated 
neutrophils when actin polymerization is limited. 
The Cytoskeleton in Receptor Dynamics 
There is general agreement that three distinct receptor states 
can be detected on intact neutrophils. These have been de- 
scribed as (a) the ternary complex of ligand, receptor, and 
G protein (LRG); (b) the rapidly dissociating ligand-recep- 
tor complex (LR); and (c) a desensitized slowly dissociating 
guanine nucleotide-insensitive receptor (desensitized ligand- 
receptor complex [LRX]). Sklar et al. (23) have argued that 
during cell activation there is a rapid interconversion among 
receptor states from a rapidly dissociating form (LR) (half- 
life of "o10 s) to a slowly dissociating form (LRX) (half-life 
of several  minutes). These dynamics can be explained by a 
model in which (a) intact cell dynamics during cell activation 
are dominated by an energy-dependent interconversion of 
form LR to form LRX; and (b) under activation conditions, 
form LRG appears and disappears too rapidly to be detected. 
Jesaitis et al. (9-11) first proposed that the enhancement 
of neutrophil oxidant response in cells exposed to cytochala- 
sin B reflected an altered regulation of receptor processing. 
In particular, the treatment was reported to inhibit coisola- 
tion of receptors with Triton-insoluble extracts of cytoskele- 
ton and to inhibit on intact cells the formation of slowly dis- 
sociating receptors (LRX). Painter et al. (16) suggested that 
occupied receptors (LR) on membranes isolated from cyto- 
chalasin B-treated cells were both uncoupled from G proteins 
(LRG) and unable to form high-affinity receptors (LRX). 
These results have been interpreted to mean that cytoskeleton 
regulates the affinity change of the receptors.  In contrast, 
Fig. 6 of  this report shows that incubation with botulinum C2 
toxin did not influence the binding and dissociation charac- 
teristic of the N-formyl peptide ligand. Similar results were 
reported by Omann et al.  (15) in the neutrophil cytoplast. 
Thus, these latter findings argue against an essential role for 
actin in the affinity change in elutriated neutrophils. 
The primary point of contention is whether cytoskeletal 
association is obligatory to form or maintain the high-affinity 
state. For example, a change in the Triton extractability in 
cells treated with cytochalasin could reflect changes in the 
nature of the extract. Thus, a failure to coisolate high-affinity 
receptors could reflect a change in the extract as well as a 
blockade of the formation of high-affinity receptors.  That 
receptors remain high affinity after their transient associa- 
tion with cytoskeleton (9) indicates that continued associa- 
tion is not obligatory to maintain the high affinity. 
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In contrast to the previously published observation in broken 
cells (19),  Painter et al.  (16) detected rapidly dissociating 
ligand-receptor complexes in control cell membranes in the 
absence of guanine nucleotide. The extent of rapidly dis- 
sociating ligand-receptor complexes is enhanced by dihydro- 
cytochalasin B alone or in combination with formyl peptide. 
While such results cannot be dismissed, they point to a fun- 
damental difference in the application of  the fluorescence de- 
tection systems for receptor analyses in our two laboratories. 
Receptor Number and Internalization 
Cytoskeletal elements are suggested to play roles in the up- 
regulation of the N-forrnyl peptide receptor. Bender et al. (3) 
and Jesaitis and al. (10) showed an enhanced expression of 
N-formyl peptide receptors after cytochalasin treatment. In 
these studies, the enhanced receptor numbers were corre- 
lated with the enhanced oxygen radical production in elutri- 
ated neutrophils (10). We performed real-time flow cytometric 
N-formyl peptide binding studies with ligand concentrations 
appropriate to cell response and acquired fluorescence pro- 
files every 30 s for 5 min on gelatin-sedimentated and elutri- 
ated neutrophils. In our studies with botulinum C2 toxin, the 
total amount and the rate of the oxygen radical production 
compared with control neutrophils were enhanced, as re- 
ported previously (12).  We did not observe, however,  any 
significant influence of botulinum C2 toxin on the N-formyl 
peptide ligand-receptor binding kinetics. Analogous results 
were obtained in cytochalasin B-treated neutrophils (data not 
shown). 
One important difference between the results obtained in 
the present studies by using botulinum C2 toxin and cyto- 
chalasin B  and previous results with cytochalasin (3,  10) 
might be the method used for the preparation of the neutro- 
phils. Several groups (6, 27) have shown that lipopolysaccha- 
ride enhances the formyl peptide receptor number in a time- 
and concentration-dependent manner in cells prepared  in 
lipopolysaccharide-free media by a mechanism called prim- 
ing by Goldman et al. (6). In this study, neutrophils were pre- 
pared by using a gelatin-sedimentation step in which prior 
exposure to lipopolysaccharide appears to cause maximal 
receptor up-regulation.  Current studies in our laboratory, 
which are performed with neutrophils isolated with lipo- 
polysaccharide-free media,  support the view that there is 
similar degree of up-regulation of N-formyl peptide recep- 
tors with lipopolysaccharide without degranulation or under 
degranulating conditions with cytochalasin B and botulinum 
C2 toxin (Norgauer, J., K. Aktories, and L. A. Skiar, manu- 
script in preparation). 
Finally,  it  has  been  shown  that cytochalasin treatment 
blocks the uptake of the N-formyl peptide receptor (10). Here 
we demonstrate by real-time cytometric methods that en- 
docytosis of the N-formyl peptide ligand-receptor complex 
still occurs even in the absence of F-actin. All of the cells, 
either completely or partially depleted of F-actin, were capa- 
ble of internalization. However,  the rate of endocytosis was 
influenced by botulinum C2 toxin. The estimated half-time 
of the endocytosis of botulinum C2 toxin-treated neutrophils 
was '~8 min compared with 4 min in control cells. These 
findings suggest that a microfilament network is not essential 
for endocytosis, but modulates its velocity. Some indication 
that the processing may be altered is suggested in Fig. 8 A. 
Here,  the  quenching of the  intracellular ligand  in  toxin- 
treated cells occurs at a comparable, but not identical, rate 
after the extracellular pH is changed. How the fate and pro- 
cessing of the receptor depends upon the network remains 
to be determined. 
In conclusion, botulinum C2 toxin inhibited the polymer- 
ization of actin, permitted degranulation, and delayed the en- 
docytosis of the N-formyl peptide ligand-receptor complex. 
However,  in neutrophil preparations examined in this study, 
there was no obligatory enhancement of N-formyl peptide 
receptor with the release of enzymes. Alterations in ligand 
receptor dynamics could not be correlated to the enhanced 
oxygen radical production in botulinum C2  toxin-treated 
cells. Moreover, depletion of F-actin did not influence the 
conversion of the affinity states in primed neutrophils. Nei- 
ther was actin essential for the endocytosis of the N-formyl 
peptide ligand-receptor complex. 
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